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The dissociation of an H+2 molecular-ion beam by linearly polarized, carrier-envelope-phase-tagged
5 fs pulses at 4×1014 W/cm2 with a central wavelength of 730 nm was studied using a coincidence
3D momentum imaging technique. Carrier-envelope-phase-dependent asymmetries in the emission
direction of H+ fragments relative to the laser polarization were observed. These asymmetries
are caused by interference of odd and even photon number pathways, where net-zero photon and
1-photon interference predominantly contributes at H++H kinetic energy releases of 0.2 – 0.45 eV,
and net-2-photon and 1-photon interference contributes at 1.65 – 1.9 eV. These measurements of the
benchmark H+2 molecule offer the distinct advantage that they can be quantitatively compared with
ab initio theory to confirm our understanding of strong-field coherent control via the carrier-envelope
phase.
PACS numbers: XXX
One ultimate goal of ultrafast, strong-field laser science
is to coherently control chemical reactions [1–3]. A pre-
requisite to achieving this goal is to understand the con-
trol mechanisms and reaction pathways. To this end, tai-
loring the electric field waveform of few-cycle laser pulses
to control reactions and uncover the underlying physics
has become a powerful tool [4–6]. It has been applied
to the dissociative ionization of H2 and its isotopologues
[7–12] and has recently been extended to more complex
diatomic molecules, such as CO [13–15], and to small
polyatomic molecules [16, 17].
Conceptually, one of the most basic features of a few-
cycle laser pulse to control is the carrier-envelope phase
(CEP). When the laser’s electric field is written as E(t) =
E0(t) cos(ωt+ φ), E0(t) is an envelope function, ω is the
carrier angular frequency, and φ is the CEP. In fact, all
of the few-cycle waveform experiments cited above used
the CEP as the control parameter.
For example, Kling et al. used 5 fs, 1.2×1014 W/cm2
pulses with stabilized CEP to dissociatively ionize D2
and found asymmetries in the emission direction of D+
ions for kinetic energy releases (KER) above 6 eV [7, 8].
The diminished dissociation signal in a circularly polar-
ized laser field indicated that recollision played a role.
Recollision entails a tunnel-ionized electron undergoing
a collision with its parent ion after acceleration by the
oscillating laser field [18, 19]. The energy exchange be-
tween the laser-driven electron and the parent ion can
promote the D+2 to the 2pσu excited state. Coupling of
the 2pσu and 1sσg states [20] on the trailing edge of the
laser pulse during the dissociation of D+2 was suggested
as the explanation for the CEP-dependent asymmetry
[7, 8].
Another example comes from Kremer et al. who
exposed an H2 target to 6 fs, 4.4×1014 W/cm2 CEP-
stabilized laser pulses and observed asymmetries for KER
values between 0.4 and 3 eV [9] — energies they at-
tributed to bond softening (BS) [21] and not electron rec-
ollision, which has higher KER. They proposed that the
initial ionization of H2 generates a coherent wavepacket
in H+2 that propagates to internuclear distances where
the 1sσg and 2pσu states can be coupled by the tail end
of the laser pulse [9, 10]. Bond-softening was recently
found to play an even larger role in the CEP control of
the dissociative ionization of D2 at mid-infrared wave-
lengths [11].
A wealth of theoretical studies have appeared to qual-
itatively interpret the main features of the CEP control
in these experiments. All have modeled the ionization
step and only treated the resulting H+2 explicitly using
either the time-dependent Schro¨dinger equation (TDSE)
[11, 22–24] or semi-classical calculations [24–27], assum-
ing an initial Franck-Condon vibrational wavepacket cre-
ated by the ionization of H2 within the laser pulse. More-
over, due to the difficulty of treating the ionization and
recollision steps, they have not yet been included in any
ab initio calculations. Therefore, quantitative agreement
of accurate theoretical results and experimental data has
so far been missing.
In contrast, by studying an H+2 molecular ion target,
the need to model the ionization step is avoided. And,
with only a single electron, recollision cannot play a role.
Furthermore, state-of-the-art H+2 calculations including
nuclear rotation and intensity averaging [28, 29] can now
provide a nearly exact description of strong-field dissoci-
ation so long as ionization remains negligible [30]. Thus,
quantitative agreement between theory and experiment























2In fact, CEP control over molecular dissociation was
first proposed theoretically by Roudnev et al. for H+2 in
anticipation of experiments [31]. Unfortunately, the low
density of an ion-beam target coupled with the techni-
cal difficulties of long-time CEP stabilization have so far
prevented these benchmark measurements.
Taking advantage of recent progress in phase-tagging
[32] to overcome these difficulties, we report in this Let-
ter the measurement of CEP-dependent spatial asymme-
tries in the dissociation of H+2 , from an ion beam, which
we quantitatively compare with ab initio theory. Roud-
nev and Esry have shown that these CEP effects are
due to interference of different photon number pathways
to 1sσg and 2pσu final states, having opposite nuclear
parity, whose relative phase is controlled by the CEP
[33]. Therefore, these results are a clear demonstration
of strong-field coherent control.
Our H+2 beam is produced in an electron cyclotron res-
onance (ECR) ion source, accelerated to an energy of
7 keV, and separated from other ions produced in the
ECR by a bending magnet. The ion beam intersects a
focused laser beam within an imaging spectrometer with
an applied static electric field, Es, that separates the
ionic and neutral beam fragments in time, as shown in
Fig. 1(a). The H+ and H fragments are detected in coin-
cidence on a position- and time-sensitive detector (PSD),
while the undissociated molecules are collected in a small
Faraday cup. The position and time information allows
for the reconstruction of the 3D momenta, from which
the KER and angular distributions are evaluated. Fig-
ure 1(b) shows the dissociation yield as a function of KER
and cosθ where θ is the angle between the H+ dissocia-
tion momentum and the polarization of the laser electric
field. More details on the experimental method can be
found in Refs. [34, 35].
Pulses of 5 fs duration with a 730 nm central wave-
length are obtained at a 10 kHz repetition rate from
the PULSAR laser at the J. R. Macdonald Labora-
tory. The pulses are focused to a peak intensity of
2.5×1015 W/cm2 by an f =25 cm spherical mirror (with a
Rayleigh length of about 1.2 mm). The ion beam crosses
the laser 2 mm in front of the focus, where the peak in-
tensity is 4×1014 W/cm2, in order to take advantage of
the larger volume and therefore higher count rate and to
minimize the impact of the Gouy phase shift [36]. Un-
der these conditions, ionization remained below 0.2% of
the total signal, making our theoretical approach [28, 29]
valid.
To monitor the CEP of the pulses, a single-shot stere-
ographic above threshold ionization (ATI) phase meter
is employed [37, 38]. A broadband beamsplitter picks off
20% of the laser beam, which is focused by an f =25 cm
spherical mirror into the Xe-filled gas cell of the phase
meter [see Fig. 1(a)]. The electron time-of-flight (TOF)
signals are measured by microchannel plate detectors
with metal anodes situated to the left and right along
FIG. 1. (Color online) (a) Schematic view of the experimental
setup. The laser beam is split into two arms, and in each arm
the dispersion is compensated by a pair of silica wedges. The
polarization (indicated by arrows in the path) of the strong
arm (80%) is rotated by a broadband λ/2 waveplate and is
focused into the imaging spectrometer, where it intersects an
H+2 beam. The weak arm is focused into a single-shot stereo-
graphic ATI CEP meter [37, 38], which is used to monitor the
CEP at the full repetition rate and CEP tag the molecular
data. (b) CEP-integrated dissociation yield as a function of
KER and cosθ. (c) Measured PAP, from which the CEP is
determined (linear color scale).
the laser polarization. The electron yields in two TOF
regions, corresponding to low (region 1) and high (region
2) energies of the measured ATI spectra, are integrated
for every laser shot. Then, the respective asymmetries,
A1,2=(NL−NR)/(NL+NR), are evaluated where NL(R)
is the number of electrons within the TOF gates for the
left (right) detector. Plotting A1 and A2 against each
other gives rise to a reference parameteric asymmetry
plot (PAP), shown in Fig. 1(c), which is used to extract
the actual CEP up to a constant offset [39]. By simulta-
neously recording the information from the CEP meter
and the molecular dissociation imaging setup, the H+2
dissociation event is tagged with the CEP of the associ-
ated laser pulse. The data presented in Figs. 1 and 2 were
taken over 7 hours. In order to reduce the error in the
conversion from measured to actual CEP, the data are
divided into 20 time-ordered sections and the calculation
of the CEP for each section is based on the reference PAP
measured during the same time interval [40].
Figure 2(a) shows the measured KER spectrum (CEP-
averaged) for the dissociation of H+2 into H
+ + H at a
peak laser intensity of 4×1014 W/cm2 within the cone
θ ≤ 36.9◦. Several characteristic features of the KER
spectrum are labeled in the figure, including the domi-
nant BS [21] region centered around 0.86 eV with an en-
3ergy tail that extends to low KER where zero-photon
dissociation (ZPD) [41, 42] plays a role, and the above
threshold dissociation (ATD) [43] region at higher ener-
gies (>1.2 eV) [28].
For H+2 dissociation events, the normalized spatial
asymmetry is given by
A(KER, φ) =
Nu(KER, φ)−Nd(KER, φ)
Nu(KER, φ) +Nd(KER, φ)
, (1)
where Nu(d)(KER, φ) is the number of H
+ + H events
with the proton emitted in the up (down) direction, de-
fined by cosθ being positive (negative). The resulting
asymmetry map, A(KER, φ), is shown in Fig. 2(b). For
visualization, the data that is recorded from 0 to 2pi is
duplicated from 2pi to 4pi.
A clear CEP-dependent asymmetry is present in the
very low KER region (0.2 – 0.45 eV) that has not been
observed in earlier studies on neutral H2. A second
strong CEP-dependent asymmetry is observed at higher
KER (1.65 – 1.9 eV). The asymmetries within these two
regions are shown in Fig. 2(c) as a function of CEP. These
oscillatory data were fit to the predicted dominant be-
havior [29, 44, 45] A(φ) = αcos(φ + φ0) — where α
is the asymmetry amplitude and φ0 an offset. For the
higher KER region, α is plotted for several cones about
the polarization axis, indicated by ∆cosθ in Fig. 2(d),
along with F , the fraction of the total counts within this
energy range. As ∆cosθ is decreased, the asymmetry
amplitude increases. Thus, the cut ∆cosθ=0.2 was cho-
sen for the comparison between experiment and theory.
With this choice of angular integration, some weak os-
cillations between 0.5 and 1.5 eV having α≈0.02 with a
KER-dependent offset φ0 (i.e. tilt) appear in Fig. 2(b).
The origin of the CEP oscillations in the asymmetry
can be understood within the theoretical framework pro-
posed by Esry and coworkers [28, 29, 33, 44, 45]. In this
theory, the spatial symmetry is broken through the in-
terference of pathways involving different net numbers
of photons that lead to opposite parity states. Start-
ing from an incoherent population of vibrational levels in
the 1sσg state of H
+
2 (generated by electron-impact ion-
ization in the ECR), dissociation of H+2 occurs through
laser-induced coupling to the 2pσu state. If any single
vibrational level dissociates via different pathways by ab-
sorbing and/or emitting different net numbers of photons
with the same final energy, then the resulting even and
odd nuclear parity states interfere, giving rise to a spatial
asymmetry [28, 29, 33, 44, 45]. The dominant interfer-
ence is through pathways where the net photon number
differs by one, which leads to the predicted cos(φ + φ0)
dependence of the asymmetry [29, 44, 45] and fits our
data well, as shown in Fig. 2(c).
The calculated KER spectrum and asymmetry map
for 5 fs Gaussian pulses at 1014 W/cm2 with a central
wavelength of 730 nm are shown in Figs. 3(a) and 3(b)
[30]. Overall, the theory agrees well with the experiment.
FIG. 2. (Color online) (a) KER spectrum of H+2 dissociation
by 5 fs, 4×1014 W/cm2 laser pulses, averaged over φ. The up-
per (purple) and middle (pink) shaded regions indicate the
regions where the highest asymmetries are observed, and the
lower (blue) shaded region indicates the losses into the Fara-
day cup. (b) The corresponding asymmetry map showing the
dependence of A(KER,φ) on KER and CEP. The data are
shown for fragments within a cone, ∆cosθ= 0.2, around the
polarization axis. For each KER bin, the asymmetry is shifted
to oscillate around zero. (c) The asymmetry parameter in-
tegrated over the indicated energy regions, fit to sinusoidal
curves (see text). (d) The dependence of the asymmetry am-
plitude α and fraction of the total counts F within the high
energy range on the angular range ∆cosθ (lines to guide the
eye).
As φ is only known up to a constant, arbitrary offset in
the experiment, the experimental φ axes were all shifted
by 0.18pi to match the theory in the high KER region [see
Fig. 3(d)]. Significantly, after this shift, the experimental
and theoretical low-KER asymmetry, shown together in
Fig. 3(c), are in phase with each other, suggesting that
φ0 is well described by theory. In fact, the asymmetry
amplitude is in good agreement for the high KER as well
— it lies within the experimental error bars — while
theory underestimates α by about a factor of three for the
low KER. Achieving better quantitative agreement will
require further study (both experimental and theoretical)
and most likely requires addressing the lower intensity
that the theory was limited to [30] and any non-Gaussian
character of the laser pulse. We know from Ref. [29],
for instance, that even a weak prepulse can substantially
4FIG. 3. (Color online) Calculated (a) φ-averaged dissocia-
tion probability, dP/dE, as a function of KER with the same
shaded regions as in Fig. 2(a) and Fig. 2(b) A(KER,φ) as a
function of KER and φ for the dissociation of H+2 . The asym-
metry, averaged over the (c) low and (d) high KER regions
re-plotted from Fig. 2(c). The solid light blue lines are the-
oretical predictions for the same KER regions, with the es-
timated theoretical error in dark blue [30]. The calculations
include Franck-Condon factors and intensity averaging.
increase the asymmetry.
The agreement between theory and experiment is,
however, sufficiently good that we can use the theory
to help us identify the important pathways that produce
the asymmetry. It must first be clearly understood that
the physical observable is the asymptotic relative mo-
mentum between an H+ and an H. This outgoing wave
atomic scattering state is constructed from a linear com-
bination of the 1sσg and 2pσu nuclear wavefunctions that
takes into account the indistinguishability of the nuclei
and includes their spin [28, 29]. Nevertheless, although
the experiment sees only the combination of the molecu-
lar channels, theory allows for their separate inspection to
determine where they overlap to produce the maximum
interference. Theory can further provide the molecular
channel KER spectra for each initial vibrational state as
shown in Fig. 4.
Figure 4 suggests that the pathways contributing to the
interference in the high and low energy regions are differ-
ent in origin. At low KER, ZPD, which is a 2-photon Ra-
man process resulting in the net absorption of 0 photons
from the field [41, 42], interferes with 1-photon BS. The
former appears in the 1sσg KER spectrum; and the lat-
ter, in the 2pσu spectrum. Where these two probability
densities have comparable magnitude, their interference
will have the largest contrast. For the v =4 – 12 states,
a subset of which are shown in Fig. 4(a), this confluence
occurs precisely in the low KER region where high asym-
FIG. 4. (color online) Intensity-averaged dissociation proba-
bility, dP/dE, as a function of KER for H+2 in select initial
vibrational levels (as indicated), weighted by their Franck-
Condon factors. The 2pσu (solid lines) and 1sσg (dashed
lines) dissociation probabilities have comparable magnitudes
for the (a) low (shaded pink) and (b) high (shaded purple)
KER regions exhibiting high asymmetry.
metry is observed.
In the higher KER range (1.65 – 1.9 eV), the asymme-
try likely arises from an interference of 1-photon BS and
net 2-photon ATD [46]. The vibrational levels v=5 – 8
meet the requirements for generating an asymmetry in
this region, [see pink-shaded section of Fig. 4(b)]. Three-
photon ATD contributes at higher KER with a tail that
extends to lower KER, but is negligible around 1.7 eV
[47]. Therefore, the 3-photon ATD likely does not play a
major role in the observed asymmetry.
The fact that different pathways contribute to the
asymmetry at low and high KER also gives a plausible
explanation for the clear change in φ0 seen in Fig. 2(c)
between the two regions. Moreover, the tilt in the asym-
metry can be understood from the fact that at a given
intensity and CEP, the relative phase between the inter-
fering pathways also depends on KER.
Since the photon number is not a physical observable,
however, and since there are no clearly distinguishable
photon peaks — even in the theoretical molecular channel
KER spectra for individual initial vibrational states —
these pathway labels are only approximate. What theory
allows us to definitively state is that the net number of
photons was even for the 1sσg channel or odd for 2pσu.
The pathway interference picture can also explain the
dependence of the magnitude of the asymmetry on the
angles included in the analysis as depicted in Fig. 2(d).
The 2-photon ATD is a weak channel relative to BS, but
it is more aligned with the laser polarization [46]. As
the angular range ∆cosθ around the polarization direc-
tion is decreased, ATD becomes more comparable to BS,
thus revealing a larger asymmetry. In contrast, when the
whole angular distribution is considered, the asymmetry
is masked by the strong signal from just the BS channel
which does not, by itself, contribute to the asymmetry
[29].
One further advantage of our method is that it facili-
5tates the measurement of relative total dissociation yields
as a function of CEP. Thus, motivated by Hua and Esry’s
prediction of a weak CEP effect in the energy-integrated
total yield for non-rotating H+2 in 5.9 fs, 10
14 W/cm2
pulses [44], we searched for but found no discernible de-
pendence of the total yield, integrated over all KER, on
CEP within our error bars. This finding is consistent
with the present calculations, which give a relative modu-
lation depth of 0.065%. And, despite our ability to make
cuts in the angular distribution to select the molecules
that broke while nearly aligned with the laser polariza-
tion (limited by post-dissociation rotation [48]), intensity
averaging apparently washes out any effect. In contrast,
Xu et al. observed modulation depths of up to 5% in the
H+ + H channel starting from an H2 target, with 6 fs,
6× 1014 W/cm2 pulses [12].
In summary, we have demonstrated CEP effects in the
dissociation of an H+2 molecular ion beam by intense, few-
cycle laser fields. Using the one-electron, ionic H+2 target
— instead of the neutral H2 as in previous experiments
— enabled us to make direct, unambiguous, quantita-
tive comparisons with nearly exact theory. While good
in many ways, these comparisons showed that obtain-
ing close quantitative agreement will require further work
both theoretically and experimentally. We could show,
however, that the mechanisms of the CEP control were
generally different from those proposed for H2, but could
be understood within a relatively simple — but exact —
physical picture that applies universally. This picture, in
which the CEP controls the relative phase between differ-
ent dissociative pathways, makes concrete the role that
CEP plays in strong-field coherent control. Therefore, we
can be more confident in applying it to more complicated
systems.
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